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THE LOWER BOUND OF ATTAINABLE SONIC-BOOM OVERPRESSURE
AND DESIGN METHODS OF APPROACHING THIS LIMIT

By Harry W. Carlson
SUMMARY

From a study of existing sonic-boom theory it has been possible to establish
an approximate lower bound of attainable sonic-boom overpressure, which depends
only on the airplane length, weight, and volume and on the flight conditions.
This lower bound may be approached over a narrow range of flight conditions
through the application of appropriate design considerations. In general, for
intermediate values of 1ift coefficient the major portion of the 1lift generating
surfaces must be located aft of the maximum cross-sectional area, whereas for
higher values of 1ift coefficient the maximum area must be well forward and/or
the lift-producing surfaces must extend well toward the airplane nose.

INTRODUCTION

In view of the severity of the sonic-boom problem, particularly with refer-
ence to the supersonic transport, it is possible that configuration choice may
depend to some degree on the sonic-boom characteristics. The avallable theory of
references 1 and 2 provides a useful tool for a sonic-boom analysis of configura-
tions under study. Although detailed calculations can be made for specific
designs, it is of value to establish, in general, those features which exert the
greatest influence and to point out design considerations which tend to minimize
the problem. The purpose of this paper is to establish a lower bound of attain-
able sonic-boom overpressure and to discuss design requirements for approaching
this limiting value.

SYMBOLS
A(t) cross-sectional area of airplane at station x =t
Ap cross-sectional area at base of alrplane (station x = 1)
B(t) equivalent cross-sectional area due to 1lift at station x = t given

t
by B(t) =-2%j; ' at



lift coefficient

equivalent diameter at base of airplane (station x = ), % Ay,

area distribution function (see eq. (2))

lifting force per unit length along airplane longitudinal axis

airplane flight altitude
reflection factor

effective-area-distribution shape factor

length of airplane
Mach number
reference pressure

atmospheric pressure at altitude

atmospheric pressure at ground

free-stream dynamic pressure

parameter used in describing the shape of a family of effective-area-
distribution curves (see eq. (3))

wing planform area

root of equation F(t) = O that gives largest positive value for

To
integral F(T)ar
0
dummy variables of integration, measured in same direction and using
same units as x
volume of airplane
weight of airplane

distance measured rearward along airplane longitudinal axis from nose

/M2 - 1

ratio of specific heats, for air 1.4



A prime is used to indicate a first derivative and a double prime is used to
indicate a second derivative with respect to distance.

ANALYSIS AND DISCUSSION OF RESULTS

The sonic-boom theory of references 1 and 2 has shown a reasonable agreement
with the flight measurements of references % to 7 and the wind-tunnel measure-
ments of references 8, 9, and 10. Equation (1) derived from reference 2 gives
the pressure rise at the bow shock in a uniform atmosphere as

oo _ Ko (2 [T piyan
P/ el j; #ma (1)

The reflection factor K, depends on the nature of the surface on which the
measurements are made. A value of Ky of 2.0 corresponding to complete reflec-

tion on smooth and level ground has been assumed for all the calculations made in
this report. The integration limit Ty is that root of the equation F(t) =0
which gives the largest positive value for the integral. The function F(T)
depends on the longitudinal distribution of the cross-sectional area and lift of
the airplane and is defined as

L LT (A + B
F(T) = = /; = dt (2)

The F(t) function as used herein differs from the original form presented in
reference 2 in that the area and lift contributions are combined in a single
equation rather than being treated separately. Direct addition of the area and
1ift functions has been made possible by expressing the 1lift in terms of the

accumulated or integrated 1ift \/pFL' dt rather than the loading distribu-

tion FL'.

Sonic-boom strength thus depends on the manner in which the actual cross-
sectional area combines with a fictitious or equivalent area due to lift as
illustrated in figure 1. The cross-sectional area A(t) reduces to zero or
nearly zero at the base of the airplane, depending on the jet exit and wake con-
ditions assumed. The equivalent area due to lift B(t) however reaches a maxi-

mum at the base. This maximum value of B(t) 1is equal to g CrS or in other
terms g g’ and, thus, in level flight depends only on the weight of the airplane

and the flight conditions. The sonic-boom overpressure is calculated by per-
forming the indicated operations of equations (1) and (2) on the effective area
distribution obtained by a direct addition of the A(t) and B(t) curves.



If it is assumed that the configuration area and 1ift distributions are
independent and can be varied at will, the possiblity of the existence of an
optimum A + B area distribution corresponding to minimum boom strength can be
explored. For purposes of illustration a family of arbitrary effective-area-
distribution curves has been formed by assigning various values to the param-
eter R in the following equation:

2 5
g ooty

Three of the effective-area-distribution curves in this family are shown in fig-
ure 2. As a matter of interest, the area distribution of a minimum~drag body of
given length and given base area as defined by Von KArmdn in reference 11 has
also been shown.

Values of sonic-boom overpressure for the family of curves can be determined
by substituting equation (3) into equations (1) and (2). The resulting expres-
sion is given by

Op _ KsKrBl/l‘L ‘/Ab
G
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where Kg 1is an effective-area-distribution shape factor which depends upon the
value of R according to the following relations:

Kg = 1.21\/§ - 2—@5‘—11 (R<2) (5a)

and

Kg = 0.72 J%(R—lj—l)5/2 - R ; L R__f:g_l)5/2 (R > 2) (5b)

Sonic-boom strength represented by the factor K; 1is given as a function of the

parameter R in figure 3. A boom minimum (Kg = 0.61) occurs for a value of R
between 2 and 3.

Equation (4) has general application and is not restricted to this one fam-
ily of effective-area-distribution shapes. Every A + B curve may be assigned
a shape factor Ky evaluated in a similar manner. For example, the area of dis-
tribution of the Von Kirmén minimum-drag body has a Kg value of 0.60. It is
expected on the basis of investigations of various other families of curves, for
which no lower values of Kg were found, that an absolute minimum value for the
factor Kg would not be much less than 0.60. Even when the 1ift is zero, the



minimum boom strength body still has the same general characteristics as indi-
cated herein. (See, for example, fig. 3 of ref. 12.)

By assuming a value of 0.60 for the effective-area-distribution shape fac-
tor, an approximate lower bound of sonic-boom intensity may be established. If
an optimum combination of area and lift is assumed with no restrictions on the
minimum volume and with Ay = O, the lower bound may be expressed as

' L
Ap _ 0.60Kpp-/ P
P (2)37“ > L 32 (6)
7

This approximate lower bound depends only on the airplane length and weight and
on the flight conditions. Attainment of this lower bound is dependent on having,
for all flight conditions, an optimum A + B curve similar to that for the area
distribution of the Von KArmén minimum-drag body. This implies a rubberized air-
plane concept, that is, an airplane configuration whose geometry may be varied
as needed to satisfy the requirements for achieving an optimum A + B curve.
Equation (6) is similar in form to the Whitham equation for bodies of revolution
(ref. 1, p. 108), with the fineness-ratio term of that equation being replaced

B S
by the term 5 Cy, 75.

As the 1ift coefficient approaches zero, it is no longer possible for the
optimum combination to contain the necessary airplane volume. Thus, it is nec-
essary to introduce a volume restraint. When only the area distribution A(t)
is considered, the volume-restraint lower bound may be expressed as

Ap _ 0.60k-/* Y (7a)
P 3/h 12

(3)

or

o 0.53KpL/ Dy )
P 3k 1

h

3

Except for the value of the constant and the inclusion of the reflection factor,
equation (7v) is the same as the Whitham equation for bodies of revolution but
is restricted to the condition where the maximum area or eguivalent diameter
occurs at the base. The lower-bound body shape factor of 0.53% used here com-
pares with a value of 0.64 for a closed parabolic body. For the Von KArmén
minimum-drag-body area distribution the lower bound of boom intensity may be
expressed as a function of volume as follows:



p . 3/k 12

(3)

Equation (8) is used in establishing the volume restraint.

The approximate sonic-boom lower bound is shown in figure 4 as a function of
a lift parameter. As an example, a volume restraint has been applied for a value

of V/Z3 representative of that for supersonic-transport configurations. Also
in this figure are sketches of A and A + B distributions that meet the fixed-

volume (V = 0.002725) and boom-minimization requirements of an optimum combina-
tion of area and 1lift distributions. Above these plots are representative thin-
wing configurations with uniform loading which satisfy the area- and lift-
distribution requirements. For intermediate values of 1ift coefficient the major
portion of the 1ift generating surfaces must be located aft of the maximum cross-
sectional area. This result is in general agreement with the observations made
in reference 15. However, for higher values of 1ift coefficient the maximum area
must be well forward and/or the wing must extend well toward the airplane nose in
order to obtain an optimum A + B shape.

The lower bound can not be attained throughout the lift-coefficient range
with a fixed design. Prom a practical standpoint, however, this lower bound may
be approached over a limited range of lifting conditions through proper design.
Figure 5 illustrates the application of boom-minimization concepts to a
supersonic-transport design. Sonic-boom ground overpressures for a Mach number
of 5.0 have been plotted as a function of flight altitude for two configurations
representative of current supersonic-transport designs, both having a length of
190 feet, a weight of 300,000 pounds, and a volume of 18,500 cubic feet. The
reference pressure p was taken to be the geometric mean of the atmospheric

pressures on the ground and those at altitude ‘/papg. Also shown in figure 5 is

the approximate lower bound with and without a volume restraint. One of these
configurations would have a boom level of about 1.25 pounds per square foot at a
cruise altitude of 70,000 feet, a value only slightly greater than the lower
bound. The other configuration, which does not meet the boom-minimization
requirements, would have a boom strength some 30 percent higher at the same alti-
tude. The A and A + B curves corresponding to level flight conditions at
70,000 feet have been shown for comparison with the corresponding calculated
overpressure values.

CONCLUDING REMARKS

From a study of existing sonic-boom theory it is possible to establish an
approximate lower bound of attainable sonic-boom overpressure, which depends on
the airplane length, weight, and volume and on the flight conditions. This lower
bound may be approached over a narrow range of flight conditions through the
application of appropriate design considerations. In general, for intermediate

6



values of lift coefficient the major portion of the 1ift generating surfaces

must be located aft of the maximum cross-sectional area, whereas for higher
values of 1ift coefficient the maximum area must be well forward and/or the 1ift-
producing surfaces must extend well toward the airplane nose.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., July 31, 1962.
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